Objective: To examine safety, tolerability, and efficacy of PF-04494700, an inhibitor of the receptor for advanced glycation end products (RAGE), in mild to moderate Alzheimer disease (AD).
load in the brain, improved performance on tests of spatial memory, and normalization of electrophysiologic recordings from hippocampal slices (data on file, Trans Tech Pharma, unpublished).
After phase 1 clinical development in healthy normal subjects, a placebo-controlled clinical trial examined 2 doses of PF-04494700 in subjects with mild to moderate AD over 3 months. 6 This study did not reveal any major safety problems. Pfizer, Inc. licensed the drug from TransTech Pharma and sponsored a phase 2 clinical trial together with the Alzheimer's Disease Cooperative Study (ADCS), an academic consortium funded by the National Institute on Aging to conduct therapeutic research in AD.
METHODS Study design. A parallel 3-arm phase 2 study was conducted between January 2007 and December 2010 at 40 study sites across the United States. The primary research question was to evaluate the safety, tolerability, and efficacy of 2 doses of PF-04494700 compared to placebo in subjects with mild to moderate AD. The enrollment target was 399 subjects (133 per group) randomized to placebo or to PF-04494700 at 20 mg daily (after a loading dose of 60 mg daily for 6 days) or 5 mg daily (after a loading dose of 15 mg daily for 6 days) for 18 months. The loading dose was required because of the long half-life of PF-04494700.
Standard protocol approvals, registrations, and patient consents. Subjects provided informed consent; if they had impaired decisional capacity, caregivers provided consent and subjects assented to participate. The study was conducted under local institutional review board supervision and under an investigational new drug application from the US Food and Drug Administration. It is listed on ClinicalTrials.gov (NCT00566397).
Study visits. Visits occurred at screening, baseline (within 4 weeks after screening), then at 4 weeks, 3, 6, 9, 12, 15 , and 18 months, and a safety follow-up visit at 21 months. Visits included clinical and safety evaluations, blood draw for plasma biomarker and pharmacokinetic analysis, and pill counts to assess compliance. Primary clinical outcome measures were obtained at baseline and at subsequent 3-monthly visits, and secondary clinical outcome measures at baseline and at 6-monthly intervals. Brain MRIs were obtained at baseline and at 12 and 18 months. Lumbar punctures for CSF biomarkers were performed at baseline and 12 months on a subgroup of subjects. Amyloid imaging was implemented late during the study and was obtained on too few subjects to yield meaningful results.
Subjects. Key eligibility criteria included age $50 years, a diagnosis of probable AD, 7 Mini-Mental State Examination (MMSE) 8 score between 14 and 26, and good general health. There could be no evidence of stroke contributing to dementia (modified Hachinski [Rosen] score #4 and no stroke in cognitively significant areas on brain imaging). Further inclusion criteria included treatment with a stable dose of an acetylcholinesterase inhibitor or memantine for $4 months prior to randomization and an available caregiver to act as informant and supervise study medications. Exclusion criteria included uncontrolled hypertension, unstable cardiac or pulmonary disease, diabetes (or hemoglobin A1c at screening .6%), weight less than 40 kg or greater than 100 kg within the past 2 years, chronic use of nonsteroidal anti-inflammatory drugs or immunosuppressive agents, drugs that increase QTc or inhibit CYP 3A4, and markedly abnormal ECG or QTc (QTcB or QTcF) on any screening 12-lead ECG .450 ms (women) or .430 ms (men). There could be no history of treatment for cancer (past 5 years), drug or alcohol abuse, or major psychiatric illness. Women could not be of childbearing potential. Subjects could not have taken another investigational drug for 3 months before screening.
Randomization and masking. Subjects were assigned with equal probability to one of 2 doses of PF-04494700 or placebo, using a permuted block randomization scheme stratified by site, generated by the ADCS Data Core. After subjects signed informed consent and eligibility was confirmed, study sites obtained randomization numbers from the ADCS Data Core. Adequacy of masking was assessed by questionnaires completed by subjects, caregivers, study coordinators, and site investigators.
Study medication. For the first 6 days, subjects received a loading dose of 60 mg (three 20-mg capsules), 15 mg (three 5-mg tablets), or 3 placebo capsules. The maintenance dose was decreased to 20 mg (high dose), 5 mg (low dose), or placebo, taken once daily, for the remainder of the study.
Outcome measures. The primary efficacy measure was the 70-point Alzheimer's Disease Assessment Scale-cognitive (ADAS-cog), 9 a psychometric test that assesses memory, attention, reasoning, language, orientation, and praxis. Primary safety measures included reports of adverse events, blood and urine tests, and ECG measures.
Secondary clinical measures (table e-1 on the Neurology ® Web site at Neurology.org) included Clinical Dementia Ratingsum of boxes (CDR-sb), 10 ADCS Activities of Daily Living Scale (ADCS-ADL), 11 Neuropsychiatric Inventory (NPI), 12 and MMSE. Subjects also received a neuropsychological test battery, including Digit Symbol Substitution Test, 13 Forward and Backward Digit Span Test, 14 Controlled Oral Word Association Test, 15 Stroop Color Word Interference Test, 16 and Trail Making Test (parts A and B). 17 Caregivers received a Quality of Life questionnaire 18 and a Resource Utilization Schedule. 19 Laboratory and biomarker measurements. Brain MRI was performed at baseline and 12 and 18 months on 1.5T scanners, with standardized acquisition parameters based on those in the Alzheimer's Disease Neuroimaging Initiative study (www.adni-info.org), and images were used for volumetric analysis [20] [21] [22] (supplemental text). CSF obtained by lumbar puncture was used to analyze AD-related biomarkers (supplemental text). APOE genotyping was performed and DNA was banked for pharmacogenomic studies on subjects who consented. Plasma was assayed for study drug levels at each visit and was stored for biomarker studies.
Safety assessments. Subjects received complete physical and neurologic examinations at baseline and vital signs and brief examinations at subsequent visits. Clinical laboratory studies, urinalysis, and ECGs (centrally read, including QTc analysis by a cardiologist) were obtained at all visits.
Adverse events were classified according to severity and causality by site investigators and reported to the ADCS and sponsors using standard methods.
If subjects decided to withdraw from the study or were discontinued by site investigators, an early termination visit was scheduled within 14 days, including clinical and safety evaluations similar to the baseline visit.
Data and safety monitoring board. A data and safety monitoring board (DSMB) with membership independent of the study sponsors received and reviewed data every 3 months. They could request unblinding of data in relation to prespecified safety and futility analyses or in response to safety concerns.
Statistical analysis. A detailed statistical analysis plan (SAP) was developed and finalized by the ADCS and Pfizer. An ADCS Biostatistician (R.G.T.) supervised data analyses, independent of Pfizer. The Full Analysis Dataset was based on a modified intent-to-treat approach, consisting of all subjects who received at least one dose of study medication and had a baseline and postbaseline observation for the measurement of interest. The primary analysis compared differences in mean treatment effect using an analysis of covariance model applied to the full analysis dataset. Covariates considered for inclusion in the model (besides baseline MMSE), if warranted by the data (i.e., based on imbalance across groups and association with outcome measure), included age, sex, years of education, and APOE genotype. Missing values were imputed via the multiple imputation method. Predictor variables used in the imputation model included changes from baseline at 3, 6, 9, 12, and 15 months. Point estimates, standard errors, confidence intervals, and p values were computed using the multiple imputation method. Similar approaches were used to analyze changes in secondary endpoints.
A prespecified interim safety analysis, conducted when 50% of subjects had completed a month 6 visit, examined safety data, mean changes on ADAS-cog, and the percentages of subjects who declined by $10 points on the ADAS-cog. A prespecified interim futility and safety analysis was conducted 12 months after all subjects were randomized. A futility rule was prespecified to assess the probability of rejecting the null hypothesis of a treatment difference vs placebo at 18 months (i.e., conditional power) using a threshold of 10%.
After the futility conclusion was reached based on the second interim analysis, an amended SAP was developed to allow for postfutility exploratory analyses and was approved by the DSMB.
Power. With 133 subjects per group, the study had 80% power, at a significance level of 0.05, to detect a 3-point difference in change from baseline to 18 months in ADAS-cog scores (assuming a SD of 6.5) between a PF-04494700 dose group and placebo, allowing for 25% missing data and 2 interim analyses. Figure 1 (CONSORT diagram) shows the flow of subjects: 701 subjects were screened for eligibility; 302 were excluded and 399 randomized. The interim safety analysis, conducted in August 2009 after 50% of subjects had a 6-month visit, revealed an increased frequency of serious adverse events (SAE), in particular falls and confusion, in the high-dose group relative to the low-dose and placebo groups. A higher percentage of subjects in the high-dose group declined by $10 points on the ADAS-cog (relative to baseline scores) at months 3 and 6. Safety concerns or accelerated cognitive decline were not evident in the low-dose group. On the recommendation of the DSMB, subjects randomized to the high dose discontinued study drug, received a safety evaluation, and were asked for consent to be followed for safety, clinical, and laboratory assessments. Subjects in the low-dose and placebo groups were re-consented before continuing in the study.
RESULTS
The second prespecified interim analysis, comparing the low-dose and placebo groups for futility, was conducted in August 2010. This analysis showed no major safety concerns; however, the futility criteria for ADAS-cog were met. The DSMB reviewed these data and recommended discontinuation of the study. Subjects were informed of these findings, and, whenever possible, continued to be followed off study drug for up to 3 months. Discontinuation rates before month 18 were higher in the high-dose arm (87/135 [64%]) compared to the low-dose (77/132 [58%]) or the placebo group (74/132 [57%]) (figure e-1). Figure 1 lists reasons for discontinuation. Forty-six subjects in the high-dose group, 69 in the low-dose group, and 68 in the placebo group completed month 18 visits.
Clinical data. Across treatment groups, subjects were wellmatched for demographic and clinical data at baseline (table 1) . At baseline, almost all subjects were taking an acetylcholinesterase inhibitor, and about two-thirds of subjects in each group were taking memantine. Low-dose treatment vs placebo: Secondary outcome measures. There were no differences at a threshold of p , 0.05 between low dose and placebo at 18 months on the CDR-sb, MMSE, ADCS-ADL, or NPI (table 2) , or on neuropsychological test scores.
High-dose treatment vs placebo. The 6-month interim safety analysis identified higher frequencies in the high-dose compared to the placebo group of all SAEs (13.2% vs 8.3%), falls (10.3% vs 6.1%), and confusion (8.1% vs 4.5%). Mean 6-month change on the ADAS-cog in this analysis was 8.0 (66.6) points for the high-dose group, 3.2 (65.4) for the low-dose, and 3.1 (65.9) for the placebo group (Kruskal-Wallis, p , 0.001). Changes in vital signs (blood pressure, pulse rate, temperature), weight, or body mass index from baseline until August 2009 did not differ among the 3 treatment groups. The incidence of worsening on the ADAS-cog ($10 points) trended higher in subjects with lower baseline MMSE scores (53% for subjects with baseline MMSE ,20 vs 39% for those with baseline MMSE $20; p 5 0.13). The APOE e4 allele was not associated with faster progression on the ADAS-cog with treatment.
To assess whether the accelerated cognitive decline observed in the high-dose treatment arm persisted after treatment discontinuation, we examined trajectories of change on the ADAS-cog during active treatment and after follow-up. The rate of decline on the ADAS-cog for subjects who continued to be followed after stopping the high dose of PF-04494700 was significantly slower than the rate of decline while on treatment.
Neuroimaging findings. Sixty-two subjects in the placebo group and 62 in the low-dose group had serial MRIs. At baseline, these subjects did not differ significantly regarding age, sex, education, and MMSE; there was a trend for higher CDR-sb score in the low-dose group (5.0 6 2.4) compared to the placebo group (5.6 6 2.4) (p 5 0.086, Wilcoxon). Volumetric analysis of MRI was carried out by the Center for Imaging and Neurodegeneration at UC San Francisco. There were no significant differences between the low-dose and placebo groups in changes in hippocampal (figure e-2) or whole brain measures from baseline to 12 or 18 months.
CSF biomarkers. CSF levels of Ab1-x, 1-40, and 1-42, and of total tau and phospho-tau-181, were measured by sandwich ELISA. There were relatively small changes in CSF concentrations of these analytes among subjects from baseline to month 12, and no significant differences were found among the 3 treatment groups. These analyses are limited by small numbers of subjects (figure e-3, table e-2).
Safety data. Frequencies of adverse events are shown according to MedDRA coding in table e-3. Decreased psychiatric disorders and increased gastrointestinal disorders (diarrhea, constipation, and nausea) were observed in the active dose groups. There were no significant differences in laboratory blood or urine parameters or ECG findings among the 3 groups. There were no distinguishing abnormal MRI findings across the groups, and amyloid-related imaging abnormalities (ARIA) 23 were not detected. In particular, changes of vasogenic edema or parenchymal hemorrhage were not identified.
DISCUSSION This phase 2 clinical trial examined 2 doses of PF-04494700, compared to placebo, in a planned 18-month design. Due to adverse effects (not observed in a prior 3-month trial), the high-dose arm was discontinued prematurely. The occurrence of confusion, falls, and accelerated cognitive decline suggests CNS toxicity. The mechanism of this toxicity is not clear: there were no abrupt or acute changes among study subjects, and it was not related to increased brain atrophy or to ARIA. 23 CSF and plasma levels of Ab did not change in a distinctive way in the high-dose group. Follow-up data on subjects in the highdose group suggest slowing of cognitive decline after the study drug was discontinued, although data are limited to those subjects who returned to complete follow-up testing. Findings therefore indicate a reversible adverse effect of the high dose of the study drug on brain function, but we cannot definitively conclude whether this was an on-or off-target effect. The low dose of PF-04494700 did not raise safety concerns regarding either clinical or laboratory measures. The post-futility analysis found decreased decline in ADAS-cog in the low-dose group at 18 months compared to placebo. This finding of potential benefit must be treated with caution because of the modifications to the study as a result of the 2 interim analyses: attrition due to dropouts and discontinued dosing by month 18 and the collection of data points after subjects were requested to discontinue study drug may have influenced the results. The futility analyses conducted as the prespecified interim analysis included 84 subjects who had completed 18 months of treatment, whereas the post-futility analyses conducted after the trial was finished included 137 subjects with 18 months of ADAS-cog data. We do not know how long it takes for a cognitive response to an amyloid-targeted treatment to emerge and suggest that future anti-AD trials should be cautious about including futility analyses. Changes in secondary clinical outcome measures did not indicate significant benefits of lowdose treatment. Interpretation of drug effects is complicated by the lack of a biomarker that directly assesses target engagement by the study drug. MRI and CSF biomarkers related to AD did not provide evidence for benefits mediated by changes in neurodegeneration or amyloid clearance, although the number of subjects with longitudinal CSF biomarkers was relatively small. Preclinical data supported the ability of PF-04494700 to decrease amyloid pathology in transgenic mouse models related to AD, accompanied by improvements on behavioral testing and electrophysiology. Another compound that inhibits RAGE-Ab interactions was shown to have similar efficacy in a transgenic mouse model of AD. 24 The doses of PF-04494700 selected for this clinical trial result in blood levels in humans in a similar range to blood levels in mice associated with pathologic and behavioral improvement. Benefits of antiamyloid treatment in animal models have not directly extrapolated to human clinical trials in AD. It is possible that intervention at the stage of clinical AD dementia, as in this trial, may be too late to appreciate major clinical benefits.
Key aspects of trial design to identify diseasemodifying effects in AD, including the optimal duration of treatment, remain uncertain. The interim analyses in this study, while leading to appropriate discontinuation of the high-dose arm and a conservative decision about futility, complicated the analysis and interpretation of the clinical data. In view of the high overall dropout and discontinuation rates over 18 months, and the collection of data points after subjects were requested to discontinue study drug, this study does not provide definitive conclusions about the clinical efficacy of treatment with the low dose of PF-04494700 in AD.
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Figure 2
Changes in ADAS-cog scores Alzheimer's Disease Assessment Scale-cognitive (ADAS-cog) scores are shown for each treatment group as mean and 95% confidence interval. The figure shows a post-futility data analysis, using analysis of covariance with modified intent-to-treat. H 5 high-dose; L 5 lowdose; P 5 placebo.
